Summary Diabetic nephropathy is characterized by albuminuria which proceeds to overt proteinuria. The highly negatively stained HS side chain of heparan sulphate proteoglycan (HSPG) is a major determinant of the charge-dependent permeability of the GBM. We set out to study the presence of HS and HSPG in the GBM of patients with diabetic nephropathy using newly developed monoclonal antibodies, and to compare HSPG expression to the expression of other previously investigated glomerular extracellular matrix compounds. Immunohistochemically, glomerular extracellular matrix components were analysed in 14 renal biopsies of patients with diabetic nephropathy and compared with those of normal control subjects. Monoclonal antibodies used were: JM403 against the HS side chain of GBM HSPG and JM72 against the HSPG-core protein. Also, a polyclonal antiserum (B31) against human GBM-HSPG-core protein was used. Additionally, antibodies were used against collagen types I, III, IV and against c~I(IV)NC, c~3 (IV)NC and fibronectin. Staining was scored for intensity and for staining pattern by four independent observers who had no previous knowledge of the sample origin. No glomerular staining was seen for collagen type I. Collagen type III was present in some diabetic nodules. Anti-collagen type IV showed a decreased GBM staining in patients with diabetic nephropathy (p = 0.04). With anti-(xl(IV)NC no changes in GBM staining intensity were observed; with anti-cd(IV)NC brilliant GBM staining was seen in both groups. Increased mesangial staining (p = 0.003) was seen with anti-collagen type IV in biopsies with nodular lesions. No differences were observed for fibronectin although it was abundantly present in the mesangial area of biopsies from patients with diabetic nephropathy. In biopsies with mesangial expansion and in biopsies with diabetic nodules, we observed a decreased GBM (p = 0.001) HS side chain staining (JM403) without changes in HSPGcore protein staining (JM72,B31). The HS staining pattern regularly changed from a linear to a more granular and irregular pattern. In patients with a creatinine clearance of more than 15 ml/min, the intensity of GBM HS staining showed an inverse correlation with the rate of proteinuria (r = -0.85, p = 0.004), suggesting a functional relationship. The decreased HS staining in the GBM may reflect the potentially disrupted charge barrier in diabetic nephropathy. [Diabetologia (1994) 37: 313-320] 
Changes in HSPG, normally present in the GBM and to a lesser extent in the mesangial matrix, have been implicated in the pathogenesis of diabetic nephropathy [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . These macromolecules are formed by a central core protein to which HS chains are linked by a trisaccharide. Sulphate groups are covalently bound to the repeating disaccharides of HS, resulting in a high negative charge. This negative charge is predominantly localized in the peripheral domains of the glycosaminoglycan chains [12] . Due to its chemical structure, HSPG is an important component of the GBM. The molecule spreads out to occupy a large volume and attracts water molecules, thereby hydrating the GBM which prevents clogging of the filter. The highly negatively charged domains are major determinants of the charge-dependent permeability of the GBM [13, 14] . In diabetes mellitus loss of HS from the GBM could lead to an enhanced filtration of negatively charged albumin. Moreover, in an in vitro model HS produced by glomerular epithelial cells was found to inhibit mesangial proliferation [15, 16] . Thus, mesangial expansion may at least partly be enhanced by a loss of glomerular HSPG in diabetic nephropathy. To study the presence of HS and HSPG in diabetic nephropathy more specifically, we used newly developed monoclonal antibodies with reactivity to human HS [17] and HSPG-core proteins [18] . Furthermore, HSPG expression was compared to the expression of other previously investigated glomerular extracellular matrix compounds.
Subjects, materials and methods
Screening of renal biopsies obtained from proteinuric diabetic patients was performed by a computer assisted search on coded files in three pathology departments. Twenty renal biopsies and four specimens obtained during autopsy were selected. Four biopsies showed other abnormalities; a crescentic gtomerulonephritis in one and ischaemic alterations obscuring the diabetic lesions in three biopsies. Of the remaining 19 biopsies, one biopsy showed end-stage renal disease with total sclerosis of glomeruli. and three biopsies were too small to be evaluated properly. After reviewing the clinical data two more biopsies were excluded since the nephrotic syndrome present in these two patients showed a spontaneous remission. Fourteen biopsies revealed diabetic glomerulosclerosis and could be evaluated properly. These biopsies contained from 8 to more than 20 glomeruli of which 0 % to 55 % were sclerosed. The smallest number of open glomeruli studied was 5 (out of 9 glomeruli. 1 section). The clinical characteristics are summarized in Table 1 . Patients were classified as having IDDM or NIDDM according to the criteria of the World Health Organisation [19] . In diabetic nephropathy, glomerular filtration rate and creatinine clearance show a strong inverse correlation with the percentage of occluded and globally sclerosed glomeruli [20, 21] . We therefore corrected proteinuria (g/24 h) for the creatinine clearance (ml/min), yielding a ratio Antibodies. The composition of the extracellular matrix was analysed using monoclonal and polyclonal antibodies ( Table 2 ). The various antibodies used with reactivity against HS and HSPG-core protein have been previously described [17, 18] . A monoclonal antibody (JM403) raised against rat glomerular HSPG, carrying the IgM isotype, reacted also with human HS. Furthermore, IgG1 monoclonal antibodies (JM72) and goat polyclonal antibodies (B31) [22] have been raised against human GBM-HSPG. These antibodies demonstrate specific reactivity to human GBM HSPG-core protein [18] . Affinity purified goat anti-human fibronectin antibodies were purchased from Sigma, (St. Louis, Mo., USA; cat. no. F-1509). Since the expression of the various collagen molecules and even of the collagen IV subchains can vary in diabetic nephropathy, several anti-collagen antibodies [23] were used. Goat anti-collagen type I, III, IV antibodies (Sera-lab, Crawley Down, Sussex, UK; cat: 13104)1, lot nr. F9-$389; cat: 1330-01, lot nr. F9-$409; cat: 1340-01, lot hr. F9-$419, respectively) were raised against pepsin digested human and bovine placental collagens. Monoclonal antibodies against the non-collagenous domain of ~I(IV) and (~3(IV) were produced as described previously [24] . Rabbit anti-goat IgG and fluorescein isothiocyanate (FITC) conjugated goat anti-rabbit antibodies were raised in our laboratory using standard techniques. Rabbit anti-goat IgG antibodies (dilution 1: 75) followed by FITC conjugated goat anti-rabbit antibodies (dilution 1: 20) were used as the secondary layer for collagen type I, III, IV, fibronectin and B31. JM403 was visualized with FITC conjugated goat anti-mouse IgM (Nordic, Tilburg, The Netherlands; dilution 1: 50). FITC conjugated goat anti-mouse Ig (Becton-Dickinson, Mountain View, Calif., USA; cat. no. 9031, dilution 1: 40) was used for JM72, B6, B17. To check the specificity of the incubation procedure, tissue sections were also incubated only with the second antibodies. All these controls remained negative, although the FITC conjugated goat anti-mouse IgM (Nordic, dilution 1: 50) showed a slightly positive anti-nuclear staining.
Immunohistological methods.
Immunofluorescence was performed on frozen kidney tissue specimens which were kept at -80~ using standard techniques. All slides were prepared by the same laboratory technician. The kidney tissue was sectioned at 4 gm in a Reichert Jung 2800 cryostat at -20 ~ The sections were stained with primary antibodies in 19/o bovine serum al- bumin in phosphate buffered saline (PBS) and incubated for 60 rain. The second layer was applied using the antibodies as described before. To prevent quenching p-phenylenediamine in PBS-glycerol was applied, the slides were scored by all observers within a short period, and due to the experience of the observers, the exposure to the fluorescence microscope lamp was kept to a minimum. There was no correlation between the order of the different observations and the intensity score, which indicates that quenching of the immunofluorescence signal did not influence the scoring.
Scoring procedure. For logistic reasons, the study was performed in four study periods. During each period, two control subjects and six patients with diabetes were analysed. The slides were numbered randomly in order to be examined without knowledge of the sample origin and were scored by four independent observers. The scoring was performed following standard procedures. Thus, a mean score was given for section assessed, expressing a representative score for the glomerulipresent. The intensity of staining was scored on a semiquantitative scale: 0 = negative, 1/2 = slightly positive, 1 = positive, 2= positive to strongly positive, 3 = strongly positive. The staining pattern was described using the following terms: linear, fine granular, granular, discontinuous, irregular. Proteinuria/ml clearance ~g/ml) Fig. 3 . GBM HS staining intensity vs proteinuria/ml creatinine clearance (see Methods). Staining intensity is depicted as mean of four observers. The equation of the regression line: y = 2.6 + 0.012"x; r = -0.85, p = 0.004, n = 9. The intercept falls within the 95 % confidence interval of the control subjects
Statistical analysis
Findings of the observers were compared using Pearson's product sum correlations. Agreement was defined as the percentage of corresponding scores. A deviation of one class in scoring intensity was accepted. Using this model, weighted Cohen's kappa were calculated. Mean scores and standard deviations were calculated for the control and diabetic groups, as were scoring differences (mean intensity score of the diabetic-minus the control group). Student's two sample t-test was used to determine pvalues and 95 % confidence intervals of the mean scoring difference. Test results with the Mann Whitney test were very similar. Spearman's rank sum correlation was used to determine correlation, and the regression of HS and collagen IV staining vs proteinuria was calculated. 
Results
In all observer combinations a highly significant correlation (p < 0.001) was observed for the biopsy scores, the correlation coefficients ranging f r o m 0.66 to 0.80. Cohen's weighted k a p p a s ranged f r o m 0.56 to 0.78, the a g r e e m e n t in scoring f r o m 77 to 8 9 % (Table 3) . Diabetic g l o m e r u l o p a t h y was diagnosed in all 14 renal biopsies selected. Of 14 tissue sections with diabetic g l o m e r u l o p a t h y 10 showed mesangial sclerosis with n o d u l a r lesions, in four, no nodular lesions were observed. Four patients had entered the stage of (pre)terminal renal insufficiency defined as a calculated creatinine clearance below 15 ml/min. D a t a concerning retinopathy and proteinuria are shown in Table 1 .
Glomerular basement membrane
HS and HSPG-coreprotein. The kidney sections of the control group revealed staining of high intensity (2 to 3) with the anti-HS antibody JM403 (Fig. 1 A) . T h e m e a n staining intensity of the control group was calculated to be 2.31 (Table 4 ). In the diabetic group (Fig. 1 B) the in- (Fig. 2) . The difference between the group means amounted to -0.84 (about one point on the scoring scale). In the control group a linear to fine granular staining pattern was observed (Fig. 1 A) . In the diabetic group the pattern varied from linear to granular to a discontinuation of the linearity (Fig. 1 B) . In the diabetic group HS staining intensity revealed a significant inverse correlation (r =-0.85, p =0.004) with proteinuria corrected for creatinine clearance in the patients who had not entered the stage of pretermihal renal insufficiency (Fig. 3) . With anti-HSPG-core protein antibodies (JM72,B31), linear staining of the GBM was seen in both the diabetic and the control group (Fig. 4) . The intensity ranged from 2 to 3 in both groups and no significant changes were noticed between the two groups (Table 4) .
Collagens type IV, al (IV)NC and a3(IV)NC.
Intensity of GBM staining was slightly but significantly decreased in diabetic nephropathy (Table 4 , p = 0.04) for collagen type IV. When the subgroup with nodular sclerosis was analysed separately, the decrease in collagen IV in the GBM was more marked (p = 0.006). With anti-~zl (IV)NC (antibody B6) the difference in staining intensity between the two groups did not reach statistical significance (Table 4) . The GBM showed a strongly positive reactivity with anti-o~3(IV)NC (antibody B17) in both the control and the diabetic group. No correlation was observed between collagen IV staining and proteinuria (r = 0.26,p = 0.5).
Collagens type I, type III, and fibronectin.
No anti-collagen type I activity was observed in the control and the diabetic group. Bowman's membrane and fibrous formations located directly below it showed intensive staining (2 to 3) in 9 of the 14 biopsies in the diabetic group. Antibodies to collagen type III showed no staining or occasionally slight positive staining in both the control and the diabetic group. A linear, frequently discontinuous staining of moderate intensity was observed in the GBM after staining of fibronectin. No differences were found between the diabetic and control group (Table 4) .
Mesangium (Table 4) HS and HSPG-coreprotein. In the control group no or only very weak staining for the HSPG-core protein was observed in the mesangium. In diabetic biopsies, HSPG-core protein staining was significantly increased, ranging from negative to strongly positive staining (Table 4) . Biopsies with nodular sclerosis revealed a more marked increase of core protein staining. With anti-HS, staining ranged from 0 to 3 in the diabetic group, while negative or slightly positive staining was seen in the control subjects (Table 4) .
Collagen type IV, oJ(IV)NC and, o3(IV)NC.
The resuits for collagen IV ranged from 0 to 3 in both the control and the diabetic patients. A significant (p --0.003) increase of mesangial staining was observed for collagen type IV in biopsies with nodular sclerosis. Staining of ~I(IV)NC was positive in mesangial areas of controls and diabetic patients, while anti-c~3(IV)NC was negative in both groups.
Collagen type I, type III and, fibronectin. In both groups absent or slightly positive staining of the mesangial area was observed with anti-collagen type I antibodies. Infrequently, positive staining with anti-collagen type III was seen in nodular lesions. Fibronectin was abundantly present in the mesangial areas of several diabetic patients.
Discussion
We have demonstrated a decreased staining of HS in the GBM of patients with diabetic nephropathy, while staining of HSPG-core protein was normal. This decreased HS staining inversely correlated with the proteinuria/creatinine clearance ratio. The scoring of the glomeruli was performed using standard procedures. Three sections had to be excluded because they were too small to be evaluated properly. Of the remaining sections, one contained only five open glomeruli. Excluding this biopsy would have slightly improved the difference between the two groups. Several measures were taken to prevent quenching and to confirm the reproducibility of the immunofluorescence signal. In short, tissue preparation was similar for each section, and carried out by the same skilled laboratory technician. The slides were covered with p-phenylenediamine, stored at 4~ and scored within a short time period without extensive exposure of the slides to light. No differences in scoring of the signal intensity was noticed between the different observers, indicating that quenching had been limited and did not influence the outcome of the study. Furthermore, all biopsies were studied using a range of antibodies, which served as an internal control. For example, staining of HS was decreased in the biopsies with diabetic glomerulopathy, while in the same biopsies staining of HSPG-core protein was unaltered, suggesting an altered staining of HS only.
In contrast to most other immunofluorescence studies, we used four different observers who scored the slides without knowledge of the sample origin. The percentage of agreement among the observers was high, providing evidence that the results are not obscured by personal bias and indicating the reproducibility of the scoring procedure. Furthermore, the results obtained in this study were very similar to previously conducted pilot experiments in 12 patients with diabetic nephropathy and four control subjects. Three patients were studied both in the pilot and in the present study, and showed consistent results on both occasions. The consistency of the differences between the control subjects and patients with diabetic nephr0-pathy was illustrated by the fact that in each of the four study periods, similar results were obtained.
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The decrease in HS staining was observed in patients with either IDDM or NIDDM. Analysis of the subgroups was not performed because of the small numbers of patients and the retrospective nature of the data. Retinopathy was reported to be absent in three NIDMM patients with biopsy proven diabetic nephropathy. Diabetic nephropathy without signs of retinopathy has been reported previously in patients with NIDDM [25] . Furthermore, as retinopathy was assessed by routine funduscopy, it may have gone undetected in some patients.
The decrease in HS staining could be explained by loss of the epitope, which may reflect an alteration in or decrease of HS molecules. Using biochemical and cytochemical methods HS has been observed to be reduced in human diabetic kidneys [3, 11] . However, an antibody with specificity against the HS side chain was not available in earlier immunohistochemical studies. We were able to confirm the biochemical results and to document and visualize the HS decrease immunohistochemically.
Another explanation for the decreased HS staining may be an altered antibodyoepitope interaction due to non-enzymatic glycation of extracellular matrix proteins [26] . HS itself is not a target of glycation, because it is composed of repeating disaccharide units. By contrast, extracellular matrix proteins surrounding and interacting with HS may be subjected to non-enzymatic glycation and thus change the extracellular matrix structure by crosslinking. Crosslinking could lead to a reduced accessibility of the epitope recognized by the anti-HS monoclonal antibodies. We did not observe differences in GBM HSPG-core protein staining between the diabetic and control group, which suggests a normal epitope antibody interaction in the protein part of the HSPG molecule, which is conceivably more susceptible to non-enzymatic glycation than HS epitopes. Thus, non-enzymatic glycation does not provide a very likely explanation for the decrease of HS staining.
GBM HSPG-core protein staining was not diminished in the diabetic group in our study. This finding confirmed an earlier immunohistochemical study [27] . We observed an increase in HSPG-core protein expression in the mesangial area which was most marked in biopsies with nodular lesions. This observation is in contrast to an earlier study [28] which reported a decreased HSPG-core protein staining in the glomerular matrix, using antibodies raised against porcine-HSPG. The difference may be due to the fact that our antihuman GBM HSPG antibodies recognize different epitopes on the HSPG-core proteins.
Decrease of HS staining in the GBM is not unique for diabetic nephropathy. In lupus nephritis, membranous nephropathy and minimal change disease, staining of HS was found to be decreased, while it was unaltered in IgA nephropathy and Alport's syndrome [18] . This suggests that diminished HS staining cannot be explained by proteinuria alone and the significant inverse correlation between the proteinuria-creatinine clearance ratio and the GBM anti-HS staining intensity may well represent a functional relationship between GBM HS loss and proteinuria.
HS may have a role in the pathogenesis of diabetic glomerulopathy. Metabolic factors such as glucose and insulin-like growth factor I lead to decreased mesangial HS production [5-7, 9,11,29] and changes in the chemical structure of HS [4, 5, 8] . In normal physiology, HS has been shown to be of importance for the integrity of the glomerular size-and charge barrier [13, 17] . Loss of GBM HS resulted in an increased permeation of albumin [13] . Thus, a decrease or change of HS could be involved in the pathophysiology of albuminuria, an early feature of diabetic nephropathy [30] [31] [32] [33] . Furthermore, HS is able to inhibit mesangial proliferation [15, 16] and loss of HS may contribute to mesangial expansion, the histologic hallmark of diabetic glomerulopathy which correlated most strongly with clinical parameters [34] . Recently, a significant correlation between the decrease of GBM anionic sites and mesangial expansion has been described [11] , compatible with the hypothesis that reduction of GBM HS might induce a compensatory increase in the synthesis of matrix components [35] . Further evidence of a role for HS has been provided by a study which showed that treatment of diabetic rats with sulphated glycosaminoglycan chains, completely prevented a loss of anionic sites, GBM thickening, and albuminuria [36] . Thus, loss of HS may have pathogenetic relevance in albuminuria and mesangial expansion, two important features of diabetic nephropathy.
The diabetes-induced glomerular changes do not only influence HS [24, 25, [37] [38] [39] . We stained our biopsies with antibodies reactive with fibronectin and several types of collagen. The more intense fibronectin staining of the mesangial area in some biopsies may be due to an expansion of the mesangium. Anti-collagen type III reactivity was rarely observed in diabetic nodules, confirming earlier observations in diabetic nephropathy and its experimental models [27, 40] . It illustrates either a shift in phenotypic expression of glomerular cells or an invasion of collagen type III in an advanced diabetic glomerulopathy.
GBM collagen type IV staining was decreased which may be due to a decrease in matrix content of the GBM or to a decrease in concentration of the epitope. Increased expression of collagen type IV in the GBM is well known in diabetes and present early in diabetic nephropathy [38] . However, decreased expression of collagen type IV has been reported in advanced stages [28, 38, 39] . The decreased staining we observed indicates that the diabetic glomerulopathy was advanced in the majority of patients studied. No change in staining intensity of the GBM could be observed with a monoclonal antibody specific [24] to human anti-cO(IV)NC. The polyclonal anti-collagen type IV antibody was raised against pepsin digested 319 bovine and human placental collagen, and is thus most likely reactive against epitopes of the triple helical and the 7S domains. The discrepancy of staining of our antibodies directed against classic collagen type IV epitopes confirms the hypothesis that the turnover of collagen type IV subchains are regulated separately in diabetic nephropathy. The brilliant GBM staining with anti-cL3(IV)NC antibodies in diabetic biopsies with nodular lesions which had lost anti-collagen type IV staining has been previously demonstrated [39] . It suggests that the decreased GBM matrix content may be joined by qualitative changes in collagen IV expression.
The most interesting finding of this study was the decreased expression of GBM HS without changes in HSPG-core protein staining in diabetic nephropathy. Future studies are needed to correlate changes of struc, tural parameters with clinical parameters such as albuminuria, hypertension, duration of diabetes and metabolic control. The intriguing question of whether HS expression is selectively decreased in patients with microalbuminuria remains to be elucidated.
